Diffusion reflectance spectroscopy measurements targeted with gold nanoparticles (GNPs) can identify residual cutaneous squamous cell carcinoma (SCC) in excision borders. Human SCC specimens were stained with hematoxylin and eosin to identify tumor borders, and reflected onto an unstained deparaffinized section. Diffusion reflection of three sites (normal and SCC) were measured before and after GNPs targeting. Hyperspectral imaging showed a mean of 2.5 sites with tumor per specimen and 1.2 tumor-free (p < 0.05, t-test). GNPs were detected in 25/30 tumor sites (sensitivity 83.3%, false-negative rate 16.6%) and 12/30 non-tumor sites (specificity 60%, false-positive rate 40%). This study verifies the use of nanotechnology in identifying SCC tumor margins. Diffusion reflection scanning has high sensitivity for detecting the residual tumor.
Introduction
The most frequent type of cancer in humans is skin cancer, and squamous cell carcinoma (SCC) is the second most frequent type of skin cancer [1] . The incidence of SCC has risen significantly in recent years [2] . SCC develops in the squamous epithelium-containing tissues of the skin and mucous membranes. Sun exposure is the most significant risk factor [3] because the ultraviolet B rays directly damage the epidermal DNA, which leads to genetic alterations that provide a selective growth advantage [4] . Other etiological factors in SCC development include genetics, exposure to radiation and chemicals, smoking, and human papillomavirus infection. By determining a difference in an absorption coefficient of a targeted (cancerous) tissue relative to normal tissue, the presence of the tumor can be detected [31] .
GNPs are particularly suitable for this task due to their nontoxicity to living cells [32] , high tissue penetration, and ease of generation, in addition to the safety of nonionizing radiation and reduced auto-fluorescence of the tissue in the NIR spectral range [33] .
Prompted by findings that 90% of SCCs overexpress ERGF [18] , our group recently investigated the use of reflectance spectroscopy for the detection of SCC targeted with GNPs conjugated to an anti-EGFR monoclonal antibody [25, 26, 28] . The aim of the present study is evaluation of the sensitivity of the method for identifying residual disease in borders of resected cutaneous SCC with a comparison to the histopathologic findings. Finding a novel method, a non-invasive matter using conjugated GNPs will be a good solution that can be used together with the practical surgical techniques and will give better clinical outcomes.
Materials and Methods
All methods were performed and approved in accordance with the relevant guidelines and regulations with the institutional and national review board.
The Ethical Committee of Rabin Medical Center approved the study protocol. The samples were taken unidentified from the pathology department, according to the pathological diagnosis, and, therefore, informed consent was not taken.
The study material consisted of 10 human SCC specimens that were excised in the department of plastic surgery of Rabin Medical Center in 2014. Two sequential 4-µm sections of each specimen were analyzed. The first specimen was stained with hematoxylin and eosin (H and E) for calibration of the methods (Figure 1) . The H and E staining was reviewed by pathologists, who marked the tumor borders. The borders were then reflected from the H and E-stained section and marked on the second deparaffinized unstained section.
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Results
Findings on H and E staining with light microscopy and on hyperspectral imaging were compared, and we found that most of the histologically proven cancer sites were detected on hyperspectral imaging. The higher measured intensity in the tumor tissue relative to the normal tissue made it easy to discriminate between cancerous and non-cancerous tissue. Figure 1 shows the histological morphology of an SCC in a slide stained by H and E. Figure 4 shows a representative SCC specimen after staining with a GNPs-conjugated EGFR antibody (The location of the GNRs is marked in red.). We found a correlation between the SCC contained tissue and the reflectance spectra intensity readings from the GNPs stained slides. A representative reflectance spectra intensity profiles are presented in Figure 5 in which high reflectance was found at peak GNPs wavelength (670 nm) in tissue areas identified histologically as SCC. International units (IU) values were lower in areas of the non-tumor tissue. For statistical analysis, we used paired two-sample Student's t-test for means. p < 0.5 was considered statistically significant.
Findings on H and E staining with light microscopy and on hyperspectral imaging were compared, and we found that most of the histologically proven cancer sites were detected on hyperspectral imaging. The higher measured intensity in the tumor tissue relative to the normal tissue made it easy to discriminate between cancerous and non-cancerous tissue. Figure 1 shows the histological morphology of an SCC in a slide stained by H and E. Figure 4 shows a representative SCC specimen after staining with a GNPs-conjugated EGFR antibody (The location of the GNRs is marked in red.). We found a correlation between the SCC contained tissue and the reflectance spectra intensity readings from the GNPs stained slides. A representative reflectance spectra intensity profiles are presented in Figure 5 in which high reflectance was found at peak GNPs wavelength (670 nm) in tissue areas identified histologically as SCC. International units (IU) values were lower in areas of the non-tumor tissue. Reflectance spectra values in three tumor sites and three tumor-free sites. Focused view of second peak wavelength of the particle measured in the graph. Note the values in the area of the SCC.
For each of the 10 specimens, we evaluated the sites found to contain the tumor by hyperspectral imaging out of the sites shown microscopically to contain the tumor. The sites shown microscopically were found to be tumor-free. Corresponding mean values were 2.5/3 for tumor tissue and 1.2/3 for non-tumor tissue. The difference between the normal area and tumor area was statistically significant (p < 0.05).
GNPs infiltrated the entire tumor samples. We detected GNPs in 25 of the total 30 tumorcontaining tissue sites, for a sensitivity of 83.3% and a false-negative rate of 16.6%, and in 12 of the 30 tumor-free tissue sites, for a specificity of 60% and a false-positive rate of 40%. Figure 6 shows the visibly higher concentration of GNP particles in the tumor-containing tissue than the tumor-free tissue by high-resolution electron microscopy. To further confirm the presence of GNPs in the tissue containing SCC, we formulated a photon-detector graph in which a clear peak was observed at the gold (Au) region of the spectrum. All other detected elements were mostly components of the carrier glass. We obtained the same results with the gold nanospheres (GNSs) (data not shown) but we specifically used GNR (and not GNS) since GNRs exhibit unique absorption properties in the nearinfrared (NIR) region, where light penetration through the tissues is relatively high (up to a few cm). 
Figure 5.
Reflectance spectra values in three tumor sites and three tumor-free sites. Focused view of second peak wavelength of the particle measured in the graph. Note the values in the area of the SCC.
GNPs infiltrated the entire tumor samples. We detected GNPs in 25 of the total 30 tumorcontaining tissue sites, for a sensitivity of 83.3% and a false-negative rate of 16.6%, and in 12 of the 30 tumor-free tissue sites, for a specificity of 60% and a false-positive rate of 40%. Figure 6 shows the visibly higher concentration of GNP particles in the tumor-containing tissue than the tumor-free tissue by high-resolution electron microscopy. To further confirm the presence of GNPs in the tissue containing SCC, we formulated a photon-detector graph in which a clear peak was observed at the gold (Au) region of the spectrum. All other detected elements were mostly components of the carrier glass. We obtained the same results with the gold nanospheres (GNSs) (data not shown) but we specifically used GNR (and not GNS) since GNRs exhibit unique absorption properties in the nearinfrared (NIR) region, where light penetration through the tissues is relatively high (up to a few cm).
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Discussion
We describe the application of a novel nanotechnology using a biological marker to detect clusters of cells left behind after tumor-removal surgery. Hyperspectral imaging of post-surgical specimens of SCC stained with GNPs conjugated to EGFR antibodies revealed most of the histologically-proven cancer sites. By measuring the intensity scattered from the GNPs, we could easily distinguish the cancerous tissue from the neighboring normal tissue. This is the first successful use of this technique for the post-operative evaluation of human SCC specimens. It follows earlier experiments in mice and human oral SCC [26, 28] . At present, clinically, the most effective treatment for a remaining cancerous tissue after surgery or positive surgical margins is re-operation with excision of additional tissue [5] , or adjuvant radiotherapy. If our technique is found feasible for intraoperative use, it could dramatically improve the odds against recurrence and spare patients improve further invasive interventions.
The standard surgical approach to SCC is surgical excision of the primary cancerous lesion. The surgical margins' integrity is evaluated by multiple intraoperative samplings of the resultant defect periphery for frozen section analysis [7] or analysis of the tissue excision margins as part of Mohs' surgery (in which tumor margins sampling is potentially more thorough) [8] . However, in 70% of head and neck cancers, microscopic "fingers" of the tumor that are 10 to 20 cells wide extend at least 1 cm away from the gross disease. These minute extensions may be missed with standard sampling techniques [8] , which substantially reduce surgical control of the disease and, therefore, patient survival [7, 9] .
Most of the few currently available methods for identifying residual cancer at the resection bed are fluorescence-based. They are not directed at the cancer itself [37] [38] [39] [40] and provide only indirect estimated differences of tissue illumination and reflection between cancerous and surrounding normal tissue. Their main disadvantages are background fluorescence noise and low contrast. Furthermore, since in vivo visualization of tissue fluorescence in the bed may be problematic, these techniques have been limited mainly to resected and archival tissue.
Gleysteen et al. [41] fluorescently labeled anti-EGFR antibody with an NIR fluorophore (Cy5.5). They used mice following intravenous or intraoral injections of head and neck SCC and were able to detect the cells. They concluded that cetuximab-Cy5.5 may have clinical utility in detecting and guiding the removal of regional and distant micro-metastasis. 
Gleysteen et al. [41] fluorescently labeled anti-EGFR antibody with an NIR fluorophore (Cy5.5). They used mice following intravenous or intraoral injections of head and neck SCC and were able to detect the cells. They concluded that cetuximab-Cy5.5 may have clinical utility in detecting and guiding the removal of regional and distant micro-metastasis.
Heath et al. [42] recently reported that panitumumab, which is a monoclonal antibody-targeting EGFR, can be used in real-time fluorescent imaging with 100% sensitivity on the histologic processing of cutaneous SCC in mice. An NIR scanning device (Odyssey) was used to measure fluorescence intensity in histological sections. Tumor detection was substantially improved with panitumumab-IRDye800 compared with IgG-IRDye800.
Our study was designed to evaluate the sensitivity of direct reflectance scanning for the detection of tumor cells in tissue and excision borders in histological sections using anti-EGFR-conjugated GNPs. The superior absorption properties of GNPs have already been utilized for photothermal therapy [43] and other methods of selective cancer therapy, as demonstrated in glioblastomas [40, 41] , even though there is risk of damage to neighboring tissue. Previous studies also presented diffuse reflectance measurements for a cancer diagnosis [44] [45] [46] , but they did not use nanoparticles as contrast agents. Recently, a novel strategy to treat cancer cells expressing a higher level of the EGFR used an epidermal growth factor-gold nanoparticle (EGF-GNP) conjugate complex [47] . Examination of cell levels showed that the EGF-GNP conjugated complex elicited phosphorylation of extracellular signal-regulated kinases (ERK) [47] , and elevated EGFR expression, which led to internalization of the GNP into the cells. Treatment by non-thermal plasma irradiation increased apoptosis. Kim et al. [47] concluded that non-thermal plasma irradiation coupled with EGF-GNP treatment can trigger DNA damage, which led to cell death. The present study confirms the value of GNPs as contrast agents because the reflection measurement is directed at their unique absorption properties in the NIR light region rather than their scattering properties. Therefore, no contrast interruptions are expected. This makes our technique suitable for in vivo use. EGFR served as the biological marker because it is highly overexpressed in SCC as well as in other human cancers. Accordingly, EGFR is frequently used as a therapeutic target [18, [48] [49] [50] . In addition, studies have shown that increased EGFR protein expression and EGFR gene copy number amplification are associated with a poor prognosis [18, 51] . The results verify the sensitivity and efficiency of this technique. The size-dependent and shape-dependent optical properties of the GNPs covalently attached to EGFR antibodies changed the optical properties of the cancerous cells into which they were absorbed, which makes the cells easily identifiable on hyperspectral imaging, even in apparently tumor-free tissue.
The technique described is nonionizing, noninvasive, and easy to perform. Given that measurements are objective and not dependent on a qualified technician, fewer interpretation errors are expected. Our group [52, 53] evaluated the detection sensitivity of reflection measurements of GNRs bio-conjugated to EGFR (GNRs-EGFR) monoclonal antibodies. Tissue sections incubated with GNRs-EGFR and the reflectance spectrum was measured using hyperspectral microscopy. The results showed that reflectance intensity increased with the progression of the disease. The GNRs reflection measurements can discriminate benign and mild dysplastic lesions from the more severe dysplastic and invasive cancer lesion, which suggests an objective technique, not dependent on the qualification of a technician with fewer interpretation errors.
Conclusions
This study shows that the hyperspectral signal may be used to detect a residual tumor in post-surgical specimens of cutaneous SCC stained with anti-EGFR conjugated GNPs. The findings were confirmed by comparing to standard pathological staining. The technique offers great promise as an intraoperative tool for identifying patients with positive margins who may benefit from the need of reoperation or radiotherapy. Moreover, the follow-up in patients found to have clean surgical margins by this analysis might be limited to tight clinical follow-up only. Further studies using in vivo models are required to validate the results of this study.
Summary Points

1.
Squamous cell carcinoma (SCC) is the second most frequent type of skin cancer.
2.
SCC is considered to be biologically aggressive, with a 12% rate of metastasis, especially to the lymph nodes.
3.
The main factor determining survival is completeness of the surgical resection.
4.
SCC is characterized by overexpression of epidermal growth factor receptor (EGFR).
5.
GNPs are a promising agent for the diagnosis and treatment of carcinoma, and, in this case, were conjugated to EGFR. 6.
This study investigated the ability to detect residual SCC stained with gold nanoparticles using diffusion reflectance.
7.
This study verifies the use of nanotechnology in identifying SCC tumor margins. 8.
The noninvasive, nonionizing direct diffusion reflection scanning has high sensitivity for distinguishing cancerous tissue histologically. 9.
Diffusion reflection is a promising tool for the intraoperative identification of residual disease in SCC excision borders.
